The reactivity of 4-membered (RPCh)2 rings (Ch = S, Se) that contain phosphorus in the +3 oxidation state is reported. These compounds undergo ring expansion to (RPCh)3 with the addition of a Lewis base. The 6-membered rings were found to be more stable than the 4membered precursors, and the mechanism of their formation was investigated experimentally and by density functional theory calculations. The computational work identified two plausible mechanisms involving a phosphinidene chalcogenide intermediate, either as a free species or stabilized by a suitable base. Both the 4-and 6-membered rings were found to react with coinage metals, giving the same products: (RPCh)3 rings bound to the metal centre from the phosphorus atom in tripodal fashion.
Introduction
Small inorganic ring systems have been of interest to chemists for decades as they normally offer a window into unique structure, bonding, and reactivity. [1] [2] [3] [4] A comprehensive review regarding the breadth of these compounds was recently published by Rivard and coworkers. 5 Inorganic rings containing phosphorus-p-block element cores have been extensively explored and reported in the literature. Of this large collection of phosphorus-containing main group rings, phosphoruschalcogen (P-Ch) heterocycles have been a particular focus area because of their widespread application as ligands for transition metals, 6,7 and "P" or "Ch" transfer reagents. 8 Major developments in P-Ch heterocyclic chemistry feature P(V) compounds, with noteworthy examples being Lawesson's (Ch = S) 9 and Woollins' (Ch = Se) 10 reagents (Figure 1, A) that contain P2Ch2 rings with each phosphorus further oxidized by an additional sulfur or selenium atom, respectively. [11] [12] [13] These have proven to be indispensable reagents in a variety of synthetic transformations [14] [15] [16] [17] [18] and material applications. 19, 20 While there have been extensive studies on P(V)-Ch derivatives, examples of P(III) within the ring core are more uncommon, especially in regards to those with a general formula (RPCh)n. Examples of (RPCh)n have been reported for n = 2, 3, and 4, where bulky R groups are required to kinetically stabilize the P(III) centre ( Figure   1, B-D) . [21] [22] [23] [24] [25] [26] In particular, our group has recently reported the syntheses of strained (RPCh)2 rings 1Ch (Ch = S, Se) with P in the +3 oxidation state, the first representatives of these strained compounds, by installing m-terphenyl substituents at phosphorus. 24 Although select examples of (RPCh)n have been reported since the early 1980's, a thorough examination of their chemistry has not been published, though related P(III)-Ch-N macrocycles have been reported to form polynuclear Ag(I) sandwich complexes upon reaction with various amounts of AgOTf (Figure 1, E) . 7 In this context, we report herein on the chemistry of 1Ch and the possibility to use them to access larger (RPCh)3 rings 2Ch (Ch = S, Se). Although consistent reactivity between 1S and 1Se is not observed, identical derivatives can still be prepared using different synthetic approaches. In particular, the reaction of 1S with Lewis bases gives 2S, whereas the selenium analogue 2Se can be synthesised and isolated via cyclocondensation of Ar*PCl2 and Se(TMS)2. We have also discovered that by introducing coinage-metals Cu and Ag to 1Ch, ring expansion products (RPCh)3 are observed for both chalcogens. The rings were found to be further bound to the employed metal cation in a tripodal fashion through phosphorus, giving coordination complexes 7ChM (Ch = S, Se; M = Cu, Ag); the same coordination complexes can also be prepared directly from 2Ch.
Experimental Methods
All manipulations were performed under an inert atmosphere either in a nitrogen-filled MBraun Labmaster 130 glovebox or on a Schlenk line. HNEt2 was purchased from Sigma Aldrich and distilled from KOH. PCl3 was purchased from Sigma Aldrich and distilled/degassed prior to use.
Gaseous HCl was prepared in situ by dropping neat H2SO4 to CaCl2 powder, bubbled through H2SO4 then through the reaction mixture and ultimately through a NaHCO3 outlet bubbler to neutralize excess HCl. Ch(TMS)2 (Ch = S, Se) 27 and Ar*PCl2 [28] [29] [30] [31] Note: Metal-coordination reactions were prepared with strict exclusion from ambient light as compounds 7ChM and 8Ch are light-sensitive. 7ChM and 8Ch decomposed when left in solution overnight at room temperature or in the solid-state at room temperature for more than 2 days.
These challenges precluded obtaining accurate elemental analyses and quaternary carbons in the corresponding 13 C{ 1 H} NMR spectra could not be identified. In the case of 8Ch, multiple samples were prepared for mass spectroscopic characterization, including the use of different ionization methods, however we could not obtain chemically sensible data.
Synthesis of 2S
Solid 4-dimethylaminopyridine (6.5 mg, 0.053 mmol) was added to a solution of 1S (20 mg, 0.027 mmol, 2 mL THF) and the mixture was heated for 16 hours at 50 °C. The volatiles were removed in vacuo and the yellow powder was dissolved in 1 mL DCM and slowly concentrated leading to single crystals of 2S (yield: 13 mg, 70 %). Alternatively, the reaction mixture could be heated at 35 
Synthesis of 2Se
A solution of Se(TMS)2 (264 mg, 1.17 mmol, 10 mL THF) was added to a solution of Ar*PCl2 
General Methods for Coordination Chemistry with Coinage Metals
A solution of 1Ch in DCM was added to a suspension of MX in DCM and the mixture let stir at room temperature for 1 hour. The volatiles were removed in vacuo and the crude powder was washed with diethyl ether (3 x 5 mL), giving an insoluble powder that was collected.
Synthesis of 7SCu
Reagents: 1S (75 mg, 0.097 mmol, 4 mL DCM) and CuCl (6.0 mg, 0.067 mmol, 4 mL DCM); yield: 55 mg, 61 %. Single crystals were grown via vapour diffusion using DCM/pentane. mp: 
Synthesis of 7SAg
Reagents: 1S (75 mg, 0.097 mmol, 4 mL DCM) and AgOTf (16 mg, 0.065 mmol, 4 mL DCM); yield: 45 mg, 50 %. Single crystals were grown via vapour diffusion using DCM/pentane. mp: 
Synthesis of 7SeCu
Reagents: 1Se (40 mg, 0.047 mmol, 5 mL DCM) and CuCl (3.0 mg, 0.032 mmol, 5 mL DCM). 31 P NMR spectra of crude reaction mixture showed formation of 7SeCu (δP = 72) and free 2Se (δP = 88). Attempts to separate 2Se and 7SeCu by fractional crystallization were unsuccessful.
Attempts to convert 2Se to 7SeCu resulted in multiple products in the 31 P NMR spectrum, including 8Se ( Figure S-3 ).
Synthesis of 7SeAg
Reagents: 1Se (50 mg, 0.039 mmol, 4 mL DCM) and AgOTf ( (14), 1608 (9), 2917 (7) .
Synthesis of 8S
Reagents: 1S ( (3), 748 (12), 807 (5), 850 (2), 908 (6) , 1031 (7), 1113 (13), 1182 (11), 1377 (9), 1443 (1), 1561 (10), 1609 (8), 2854 (14), 2914 (4), 2946 (15) .
Synthesis of 8Se
Reagents: 1Se (50 mg, 0.0590 mmol, 7 mL DCM) and CuCl 
Results and Discussion

Formation of P/Ch heterocycles
The synthesis of 1Ch resulted from the cyclocondensation of Ar*PCl2 with Ch(TMS)2 ( Figure   2 ). Although the sulfur chemistry proceeds cleanly, multiple products are present in the crude reaction mixture for Ch = Se. The major product 1Se (P = 23) could be isolated by washing the crude reaction mixture with pentane, yielding an orange powder. A minor product from this After successfully isolating 1Ch, we endeavoured to utilize these strained compounds as precursors to the monomeric R-P=Ch, which have been elusive intermediates in low valent phosphorus-chalcogen chemistry. In our initial work (Figure 3, top) , 1Ch could be monomerized by gentle heating, giving solution accessible R-P=Ch that could be trapped using 2,3-dimethyl-1,3-butadiene (dmbd) to give 4Ch. Alternatively, monomerization of 1S could be induced through the addition of 1,3-isopropyl-4,5-dimethylimidazol-2-ylidene (NHC), which resulted in the formation of the adduct 5S even without heating. 24 Taking our lead from these results, the reaction of DMAP with 1S in 2:1 stoichiometry yielded one major product in the 31 Although the ring expansion product was the only species obtained from the reaction between 1S and DMAP, the analogous reaction using 1Se gave numerous products, as determined by 31 P{ 1 H} NMR spectroscopy. Even though none of these products could be isolated and characterized, the NMR spectroscopic data clearly indicated that ring expansion to 2Se did occur (P = 88). Other structurally related Lewis bases such as pyridine and 2,6-lutidene also generated 2Se, but again with multiple other side products ( Figure S-1 ). Alternatively to nitrogen bases, phosphine-based donors (PEt3, PCy3, and PPh3) produced multiple products as determined by P{ 1 H} NMR spectroscopy. Interestingly, there was no evidence for a ring expansion product 2Se, however evidence for the corresponding phosphine-selenides were present in the 31 Taking all of the above into account, a possible mechanism for the formation of 2Ch can be envisioned (Figure 3, bottom) . The reaction most likely begins by breaking up of 1Ch that is induced either by the employed base (cf. formation of 5S) or simply by heating (cf. formation of 4Ch). In the presence of excess DMAP, the initial product should in both cases be the adduct 6Ch that could subsequently undergo insertion into 1Ch, leading to dissociation of DMAP and formation of 2Ch (Figure 3 , bottom). This mechanism is experimentally supported by the appearance of free DMAP in the crude reaction mixture once 1S is fully consumed. Furthermore, heating samples of 1S without DMAP does not lead to the formation of 2S. However, as 2Se is formed even during the synthesis of 1Se, the potential energy surface for the formation of 2Ch is obviously not completely independent of the chalcogen atom. The reaction pathway for forming 2S was examined using density functional theory at the PBE1PBE/TZVP level of theory augmented with an empirical dispersion correcion. The calculations show that DMAP does not monomerize 1S as efficiently as was observed earlier in the case of an N-heterocyclic carbene. However, the calculated activation barrier for the formation of two stoichiometric equivalents of 6S (95 kJ mol -1 ) is in any case considerably lower than that found for the direct, heat induced, monomerization of 1S to two equivalents of 3S (124 kJ mol -1 ). 32 Furthermore, while the formation of 3S is highly endergonic (118 kJ mol -1 ), the baseassisted monomerization of 1S to two equivalents of 6S is only slightly so (44 kJ mol -1 ). This shows that DMAP efficiently stabilizes the R-P=S unit, as expected, but does it so that further reactivity of the monomer is not hindered. This is in contrast to what was observed for the NHC adduct 5S, the formation of which was calculated to be exergonic by as much as 106 kJ mol -1 .
Having established the possible role of DMAP in stabilizing the transient R-P=S monomer, we turned our attention to the formation of 2S. Many different mechanisms can be envisioned for this process, but the most likely one is a direct reaction between 1S and 6S. Computational work showed that the lowest energy pathway on this particular potential energy surface involves the break-up of one P-S bond in 1S to give 1S-b that then binds 6S and forms a 6-membered acyclic intermediate Int1 (Figure 4 ). This reaction is almost energy neutral and proceeds through a transition state that is comparable in energy (TS1, 103 kJ mol -1 ) to that found for the formation of 6S. The intermediate Int1 can subsequently close in on itself (TS2, 75 kJ mol -1 ), dissociating the coordinated DMAP and forming 2S. The calculations showed that 2S can adopt several conformers that are interconnected via low-energy transition states, with the experimentally observed chair conformer of 2S as the global energy minimum. In total, a reaction energy of -127 kJ mol -1 were obtained for the overall transformation of three equivalents of 1S to two As 2Se was found to form even during the synthesis of 1Se, there must also be a base-free mechanism for the formation of 2Ch. To allow comparison to extant data, we examined this possibility for 2S with computational methods. The results show that 3S, being a highly reactive species, binds very easily to 1S via formation of two P-S interactions. This gives a stable intermediate Int2 that is 33 kJ mol -1 lower in energy compared to free 3S and 1S. The intermediate Int2 can subsequently form 2S via simple rearrangement of its P-S bonds (TS3, 57 kJ mol -1 ). Even though all of these transformations involve only low-energy transition states, such pathway is not feasible in practice due to the instability of the monomer 3S, in particular with respect to the dimer 1S; the conversion of two equivalents of 3S to 1S has a calculated barrier of only 6 kJ mol -1 . Thus, simply heating 1Ch is unlikely to lead to the formation of significant amounts of 2Ch. However, as the synthesis of 1Ch proceeds via 3Ch, it is possible that some 2Ch forms during the process, as observed experimentally for Ch = Se.
Reactivity of P/Ch heterocycles with Coinage Metals
Both 1Ch and 2Ch have a lone pair of electrons on each phosphorus, leaving a functional group for onwards reactivity, especially metal coordination. Our initial approach was to explore their reactivity as ligands to transition metals, firstly with Group 16 metal carbonyls (M = Cr, Mo, W).
However, no reaction occurred upon reaction of the (M(CO)5THF) precursor to either 1Ch/2Ch, even after prolonged reaction times and varying reaction conditions. We hypothesised that the steric demand imposed by the m-terphenyl ligands prevented coordination. We then turned to the coinage metals (M = Cu, Ag, Au) because of their linear coordination modes and affinity for soft, phosphine donors ( Figure 5 ).
The addition of 1Ch to a metal salt (CuCl or AgOTf) in 3:2 stoichiometry at room temperature showed single resonances in the 31 P{ 1 H} NMR spectra (Ch = S: Cu P = 89, Ag P = 109; Ch = Se: Ag P = 113; Figures 6 and 7) . Slow layering of pentane onto a DCM solution resulted in single crystals suitable for X-ray diffraction, which confirmed the structures to be ring-expansion products from the parent 1Ch, with the metal being bound to the phosphorus atoms in tripodal fashion (7ChM). The mechanism of this transformation was not examined computationally, but it can be easily envisaged that the coordination of a metal fragment to 1Ch leads to weakening of P-S bonds, which provides a pathway for the formation of 3Ch stabilized by the coordinated metal centre.
Although the addition of 1Ch with MX proceeds cleanly for 7SM and 7SeAg, the addition of 1Se to CuCl resulted in multiple products. However, a major product at P = 72, which has been hypothesized to be 7SeCu based on the similarity of the shift to 7SCu, and a minor product at P = 88 (2Se), with a relative integration of 60:40, were dominant (Figure 7 ). The addition of more CuCl to the crude reaction mixture in an attempt to convert 2Se to 7SeCu did not proceed cleanly but resulted in multiple phosphorus containing products ( Figure S Recently the synthesis of polynuclear silver complexes stabilized by macrocyclic (PNPCh)2 ligands and accommodating up to four metal centres have been reported by varying the metal:ligand ratio. 7 In this respect, attempts to use a large excess of either AgOTf or 1Ch did not influence the outcome of the reaction, and 7ChAg were the only appreciable products formed alongside 8Ch. The increased steric bulk at phosphorus (terphenyl vs. phenyl) could rationalize why sandwich metal complexes could not be formed.
Although 2Ch showed long-term stability when stored under ambient conditions (no decomposition after 2 months at room temperature for either chalcogen derivative) and high thermal stability (2S mp = 210-211°C; 2Se decomposes at 215°C), the metal-containing compounds 7ChM and 8Ch were found to be unstable at room temperature, with decomposition occurring either in the solid state or in solution ( Figures S-5 and S-6 ). This inherent instability of 7ChM and 8Ch precluded our ability to fully characterize these compounds.
X-ray Crystallography
Images of the solid-state structures are shown in Figure 8 , metrical parameters are listed in Table   1 , and important X-ray parameters are found in Table S-1. X-ray diffraction experiments were performed on 2Ch and 7SM where structure solutions were refined anisotropically and confirmed the ring expansion products. A structure solution of 7SeAg was obtained that verified atom connectivity, however the data was of poor quality and could only be refined isotropically ( Figure S-31 ) and therefore an in-depth analysis of this particular structure is not appropriate.
The solid-state structures of 2Ch confirmed the production of 6-membered ring expansion products from the parent P2Ch2 rings, and were observed to have alternating P/Ch atoms that adopt a chair conformation with P-S-Pavg = 90.19 (7) ° and S-P-Savg = 102.15(7)° for 2S and P-Se-Pavg = 87.07(7)° and Se-P-Seavg = 102.37(7)° for 2Se. The average P-Ch bond length for 2S is 2.1393(2) Å, whereas significant lengthening of P-Ch occurred in 2Se with an average P-Se bond length of 2.285(2) Å. The 6-membered P3Ch3 cores in both 2Ch were found to be occupationally disordered, with the major component occupying 79 % for 2S and 78 % for 2Se (see Figure S data is similar to that found for 2S. The same is true also for P-Ch bond distances in 7SCu, 7SAg, and 2S: 2.1334(16), 2.128(2) and 2.1393(2) Å, respectively. Compound 7SCu has an average P-Cu distance of 2.4603(16) Å that is considerably longer than that found for other tripodal phosphine complexes bound to CuCl (2.246-2.359 Å). [35] [36] [37] [38] [39] Compound 7SAg has an average P-Ag bond distance of 2.713(3) Å that is considerably longer than that found for one other reported tripodal phosphine-AgOTf complex (2.537 Å) 40 and longer than P-Ag bonds in polynuclear silver(I)-phosphine compounds (average P-Ag bond distance of 2.676 Å). 7 The structures of 8Ch are isomorphous and contain four 4-coordinate phosphorus atoms, four 
Conclusion
We have shown the successful synthesis of (RPCh)3 rings 2Ch: the sulfur derivative through ring expansion of the parent 4-membered rings 1Ch by the addition of DMAP, and the selenium derivative by cyclocondensation of Ar*PCl2 and Se(TMS)2. The mechanism for the formation of 2S was examined computationally, which lead to the identification of a feasible low-energy pathway in which DMAP functions to stabilize the fleeting monomeric R-P=S unit. The calculations also suggested that the formation of 2Se involves a reaction between R-P=Se and (RPSe)2. We have also showed coinage-metal induced ring expansion of 1Ch to 7ChM by the addition of CuCl or AgOTf, and the formation of 8Ch through the addition of excess CuCl to 1Ch/2Ch. The 6-membered (RPCh)3 rings could undergo direct coordination to coinage metals that also resulted in the formation of 7ChM. Compounds 2Ch were found to be thermodynamically and thermally more stable than 1Ch, and they are also unreactive towards both N-heterocyclic carbenes and dimethylbutadiene, Consequently, the synthetized 6-membered (RPCh)3 rings could not be used as sources of the monomeric R-P=Ch unit unlike the smaller 4membered P2Ch2 rings.
